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Results  and  Conclusions 


This  paper  summarizes  total  metal  concentrations  and  percent  removals  of 
ten  selected  metals  in  liquid  streams  from  twenty-seven  Massachusetts 
Wastewater  Treatment  Facilities  (WWTF's).  The  data  are  grouped  and  ana- 
lyzed by  WWTF  plant  type,  i.e.,  tertiary,  conventional  activated  sludge, 
trickling  filter,  extended  aeration  and  primary.  In  addition,  unit  process 
metal  removal  efficiencies  and  correlations  to  metal  removals  are  reported. 
The  results  and  conclusions  are  as  follows: 

1)  Median  concentrations  of  influent  metals  in  the  Massachusetts 
WWTF's  studied  are  below  the  national  average. 

2)  Based  on  the  27  WWTF  data  base,  all  metals  studied  except 
manganese  had  median  percent  removals  of  50  percent  or  greater. 

3)  As  a  whole,  tertiary  treatment  plants  removed  metals  best, 
followed  by  conventional  activated  sludge,  extended  aeration 
and  trickling  filters,  and  finally  by  primary  plants. 

4)  When  removal  of  individual  metals  is  considered,  certain 
statistically  significant  trends  (at  a  90%  confidence  or 
greater)  are  apparent: 

a)  The  primary  plants  studied  performed  most  poorly  in 
removing  aluminum,  chromium,  manganese,  zinc  and  probably 
copper,  iron,  and  mercury. 

b)  The  tertiary  plants  removed  manganese  and  zinc  and  probably 
aluminum,  iron,  copper  and  mercury  better  than  extended 
aeration  plants. 

5)  The  trickling  filter  plants  studied  exhibited  much  variability. 
Drawing  sound  conclusions  about  them  is  difficult  from  these 
data. 

6)  It  is  difficult  to  accurately  assess  percent  removal  for 
nickel,  lead,  silver,  and  possibly  mercury;  since  these  metals 
are  generally  present  in  low  concentrations  in  the  influent, 
computations  magnify  laboratory  precision  into  large  calculational 
errors  in  percent  removal. 

7)  The  correlation  between  influent  and  effluent  concentrations 
was  low  except  for  nickel.  The  linear  regression  equations 
all  had  very  low  slopes,  indicating,  in  a  broad  sense,  that  the 
majority  of  an  incremental  increase  in  influent  concentration 
is  removed  by  a  POTW  and  does  not  pass  through  to  the  effluent. 

8)  The  correlation  between  percent  suspended  solids  removal  and 
percent  metals  removal  was  good  for  aluminum,  and  fair  to  poor 
for  the  other  metals.  Equations  were  derived  for  each  metal 
relating  percent  suspended  solids  removal  and  percent  metals 
removal. 


9)  In  comparing  the  primary,  secondary,  and  tertiary  unit  processes, 
secondary  biological  treatment  generally  removes  metals  most 
effectively,  especially  aluminum,  iron,  manganese  (and  nickel 
possibly,  although  there  is  large  associated  error  in  the  nickel 
removal  data).  The  next  most  efficient  treatment  is  primary 
settling,  followed  by  tertiary  treatment. 

10)  The  effect  of  pH,  which  has  a  significant  impact  on  metals 

solubility,  was  not  explored  in  this  study.  Most  of  the  treatment 
plants  operated  in  roughly  the  same  pH  range;  thus,  it  was  not 
possible  to  separate  pH  effects  from  other  process  effects. 


II .  Introduction 

A.  Background  of  Study 

The  presence  of  heavy  metals  in  surface  waters  has  attracted  widespread 
attention  in  recent  years.  This  interest  is  due  both  to  the  potential  for 
adverse  environmental  impacts  as  well  as  to  possible  adverse  human  health 
effects . 

This  paper  summarizes  total  metals  concentrations  and  percent  removals 
between  influent  and  final  effluent  for  ten  metals  from  27  Massachusetts 
Wastewater  Treatment  Facilities  (WWTF's)  between  the  years  1982  and  1984. 
The  WWTF's  include  tertiary,  conventional  activated  sludge,  trickling 
filter,  extended  aeration,  and  primary  plants.  In  addition,  unit  process 
metal  removal  efficiencies  within  the  treatment  facilities  are  calculated 
for  six  of  the  WWTF's.  All  samples  were  twenty-four  hour  composites  with  a 
varying  number  from  each  plant.  Percent  removals  from  treatment  plant 
liquid  streams  were  calculated  and  statistical  comparisons  between  plant 
types  were  performed.  Information  from  hydraulically  overloaded  plants  was 
eliminated  from  consideration  for  a  more  accurate  representation  of  plant 
removal  efficiency. 

B.   Sources  and  Variability  of  Influent  Metals  in  WWTF's 

Metals  are  contributed  to  wastewater  treatment  plants  by  many  sources. 
These  sources  include  industry,  water  supply,  residences,  and  storm  runorf. 
The  relative  contribution  from  each  source  can  vary  considerably.  » 

A  study  done  by  the  U.S.  Environmental  Protection  Agency  (EPA)  indicated 
that,  in  general,  the  higher  the  industrial  contribution  to  a  treatment 
plant,  the  higher  the  concentration  of  metals  in  the  influent.-3  The  recent 
advent  of  industrial  pretreatment  requirements  for  many  WWTF's  and  asso- 
ciated industrial  waste  surveys  should  eventually  provide  a  more  accurate 
picture  of  industrial  contributions  in  Massachusetts. 

Other  studies  have  shown  that  residential  sources  contribute  a  substantial 
amount  of  several  metals,  including  copper,  zinc,  and  cadmium  to  WWTF's. 
In  addition,  rainfall  has  been  correlated  with  increased  total  metal 
loading  in  general,  and  increased  lead  loading  in  particular. J  The  lead 
loading  is  probably  due  to  the  widespread  use  of  leaded  gasoline  in 
automobiles  and  its  subsequent  deposition  on  road  surfaces. 

The  EPA  and  others  have  shown  that  there  is  considerable  daily  variation  in 
influent  metals  concentrations  at  particular  treatment  plants.  Moreover, 
they've  shown  that  Monday  through  Friday  average  concentrations  were  always 
higher  than  weekend  averages.  The  sampling  done  in  the  present  study 
always  consisted  of  weekday  samples.  However,  the  data  gathered  were  not 
extensive  enough  to  define  patterns  (or  lack  of  patterns)  of  daily 
variation  in  influent  metals  concentrations. 

Table  1  and  Figure  1  indicate  that  the  median  concentration  of  influent 
metals  in  the  Massachusetts  WWTF's  sampled  are  below  the  national  average. 


Table  1 
Influent  Metals  Concentrations  for  27  POTW's 
in  Massachusetts*  Compared  to  National  Survey 


Aluminum 

0-13,000 

1308 

Cadmium 

0-210 

18 

Chromium 

0-1600 

116 

Copper 

40-9800 

673 

Iron 

210-23,000 

2280 

Mercury 

0-6.0 

0.68 

Manganese 

30-2300 

268 

Nickel 

0-860 

60 

Lead 

0-1300 

107 

Zinc 

50-3400 

312 

Silver 

0-900 

27 

Influent  Concentration,  ug/1 

Median 

865 

0 

30 

230 

1600 

0.40 

170 

20 

70 

200 

10 


Median  (National  Data)^ 

3390 

24 

400 

420 

3180 

0.596  (est) 

230 
120 
520 
10  (est) 


*  Approximately  68  composite  samples 
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III.  Field  Sampling 

This  study  included  samples  from  27  WWTF's  collected  over  a  two  and  one 
half  year  period  by  the  Compliance  Monitoring  Section  of  [Massachusetts 
Division  of  Water  Pollution  Control  (MDWPC),  Department  of  Environmental 
Quality  Engineering  (DEQE).  In  total,  168  points  were  sampled,  including 
influent,  primary  and  secondary  settling  and  final  effluent.  Samples  were 
time  composited  (with  3  exceptions),  usually  over  a  twenty- four  hour  period 
when  possible,  using  Isco  automatic  samplers.  The  samples  were  always 
collected  on  weekdays,  and,  as  noted  in  Appendix  A  some  WWTP's  were  sampled 
on  several  consecutive  days.  The  samplers  generally  were  calibrated  to 
pull  aliquots  of  about  200  ml.  at  intervals  of  60  minutes.  Composites  were 
collected  using  tygon  tubing,  and  stored  in  plastic  jugs  before  transfer  to 
glass  bottles  containing  nitric  acid  preservative.  The  distribution  of 
plants  by  type  state-wide  is  mapped  in  Figure  2. 

IV.  Laboratory  Analysis 


Total  metal  analyses  were  performed  at  the  Lawrence  Experiment  Station  of 
the  DEQE  using  flame  atomic  absorption  spectroscopy  (except  for  mercury 
where  the  cold  vapor  method  was  used)  according  to  EPA  "Methods  for 
Chemical  Analysis  of  Water  and  Wastes",  1983  and  "Standard  Methods  for  the 
Examination  of  Water  and  Wastewater"  15th  edition.  Appendix  B  lists 
influent/effluent  values  by  plant  and  date  codes.  Appendix  C  lists  metal 
concentrations  of  influent,  primary  settling,  secondary  settling,  and  final 
effluent  by  plant  and  date  code.  The  precision  of  the  analytic  results  are 
expressed  as  3  standard  deviations  (99%  of  confidence  interval)  around  the 
difference  of  the  results  of  multiple  duplicate  samples  which  were  digested 
and  run  through  the  entire  process.  Precision,  in  this  case,  refers  to  the 
ability  to  reproduce  the  same  results  regardless  of  whether  the  results  are 
true  values  or  the  consequence  of  systematic  analytical  errors.  These  pre- 
cision values  are  listed  in  Table  II  and  are  used  later  in  this  paper  to 
determine  the  error  in  the  percent  removal  values  for  a  metal  through  the 
treatment  plant. 

It  should  be  noted  that  a  small  percent  of  the  values  listed  in  this  report 
are  at  or  below  detection  limits  presently  used  by  the  Lawrence  laboratory. 
These  low  values  can  be  considered  an  educated  estimate  by  an  experienced 
analyst,  and  as  such  have  been  used  in  this  report.  The  reader  can  refer 
to  the  error  analysis  section  for  confidence  interval  estimates  for  metal 
percent  removal  figures. 

V.   Data  Selection  and  Classification 


The  MDWPC,  DEQE  has  gathered  a  large  amount  of  data  on  the  concentration  of 
metals  in  Massachusetts  Wastewater  Treatment  Plants.  Information  for  this 
report  was  chosen  from  those  data  based  on  several  criteria.  First,  type 
of  treatment  or  operating  mode  of  WWTF's,  i.e.,  conventional  activated 
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Table  2 
Lawrence  Experiment  Station  Precision  Data 

METAL  C0NTRQ1  LIMIT  ( 3  standard  deviations ) ,  rag/1 

around  zero 

Aluminum  0 .  17 

Cadmium  0 .  02 

Chromium  0 .  02 

Copper  0.02 

Iron  0.06 

Mercury  * 

Manganese  0 . 03 

Nickel  0.06 

Lead  0.07 

Zinc  0.03 

Silver  0.03 

*  Not  available 
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sludge,  trickling  filters,  primary,  extended  aeration,  and  tertiary  plants 
were  selected  in  order  to  statistically  compare  their  abilities  to  remove 
metals.   (Tertiary  means  either  an  Advanced  WWTF  or  one  using  sand  filters 
after  secondary  settling). 

Next,  data  sets  which  were  as  complete  as  possible  were  chosen,  i.e.,  sets 
having  both  complete  influent  and  effluent  metals  concentrations,  and 
preferably  conventional  water  quality  data  as  well.  Plant  flow  during  the 
sampling  day  was  compared  to  plant  design  flow.  If  the  plant  was 
hydraulically  overloaded,  the  data  were  eliminated  from  consideration  in 
this  report.  Finally,  data  were  included  from  the  MDC's  Deer  and  Nut 
Islands,  Metropolitan  Boston  WWTF's,  since  this  information  is  of  general 
interest,  despite  the  fact  that  the  plants  are  not  operating  optimally. 
Thus,  overall,  data  were  chosen  for  aptness  to  the  study,  accurate 
representation  of  plant  operation,  and  for  general  interest. 

Data  were  stored  in  a  computer  file  and  manipulated  using  the  Minitab 
statistical  and  computing  package  from  the  Massachusetts  State  College 
Computing  Network.  Both  normal  and  non-parametric  statistical  analyses 
were  performed.  To  facilitate  data  entry,  plants  and  dates  were  coded  (see 
Appendix  A  where  plant  codes  1-5  represent  tertiary  treatment,  10-16  con- 
ventional activated  sludge,  20-24  trickling  filter,  30-31  primary,  and 
40-47  extended  aeration).  Percent  removals  were  calculated  when  influent 
or  input  values  to  a  unit  process  were  other  than  zero.  Plant  process 
efficiencies  were  calculated  by  subtracting  the  output  from  a  unit  process 
from  the  input r  and  dividing  by  the  input. 

VT.  Percent  Removal  Calculations 


Table  3  lists  the  percentage  of  metals  removed  between  influent  and  final 
effluent  for  the  data  pooled  from  27  WWTF's.  The  percent  relative  error 
was  calculated  using  laboratory  precision  data.  The  mean  removals  with 
standard  deviations  are  plotted  in  Figure  3.  Tables  4  and  5  and  Figure  4 
separate  the  removals  by  plant  type.  The  raw  data  for  these  calculations 
are  in  Appendix  B.  In  order  to  assess  whether  there  are  significant  dif- 
ferences in  metals  removal  between  the  plant  types  in  Table  5,  statistical 
methods  were  used  and  are  discussed  later  in  this  report.  Finally,  Table  6 
lists  the  effluent  ranges,  means  and  medians  for  the  27  WWTF's.  Effluent 
histograms  are  plotted  in  Appendix  C. 

Table  7  and  Figure  5  summarize  efficiencies  of  unit  processes.   "Primary" 
and  "secondary"  as  used  in  the  table  carry  their  standard  meanings  within  a 
treatment  plant,  i.e.,  primary  clarification  or  settling  of  solids,  and 
secondary  biological  treatment  of  wastewater.  The  column  labeled 
"tertiary"  includes  samples  from  both  sand  filtration  and  advanced  waste- 
water treatment.   (When  more  data  are  available  it  would  be  better  to 
separate  these  latter  two  processes).  There  were  six  treatment  plants 
included  in  this  brief  study  and  many  of  the  data  came  from  two  plants, 
Attleboro  and  North  Attleborough ,  which  use  sand  filtration  after 
biological  treatment.  The  data  for  calculations  in  Table  7  appear  in 
Appendix  D.  Again,  statistical  methods  are  employed  later  in  this  report 
to  analyze  whether  differences  in  Table  7  are  significant. 
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Table  3 
Percent  Removal  For  27  WWTF's  in  Massachusetts* 


Percent  Removal 


Metal 

Range 
-38  to  99 

Mean 
62.6 

Percent  Relative 
Error 

Median 

Aluminum 

7.2 

71.0 

Cadmium 

0  to  100 
(small  sample) 
size 

77.0 

*• 

** 

Chromium 

-100 

to 

100 

59.0 

10.3 

86.7 

Copper 

-533 

to 

100 

50.5 

2.2 

80.7 

Iron 

-391 

to 

100 

57.9 

1.6 

73.1 

Mercury 

-600 

to 

100 

38.3 

*** 

71.5 

Manganese 

-150 

to 

100 

36.6 

11.2 

31.4 

Nickel 

-200 

to 

100 

35.8 

104.8 

47.7 

Lead 

-220 

to 

100 

38.0 

61.8 

47.2 

Zinc 

-67  to  96 

46.8 

7.3 

57.1 

Silver 

-100 

to 

100 

61.8 

61.5 

100 

*   Approximately  68  composite  samples 
**  Insufficient  Data 
***  Not  Available 
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Table  4 
Percent  Removal  Range,  Massachusetts  WWTF's 


Metals 


Tertiary 


Sample  Size    16 
( approximate ) 


Aluminum 
Chromium 
Copper 
Iron 


24  to  95 
0  to  100 
28  to  100 
5  to  100 


Mercury  50  to  100 
Manganese  -18  to  100 
Nickel    -200  to  100 


Lead 


Zinc 


Silver* 


-220  to  100 


-21  to  91 


50  to  100 


Conventional 
Activated 
Sludge 

15 


14  to  98 
33  to  100 

-327  to  100 

-391  to  100 
0  to  100 

-33  to  88 
0  to  100 
20  to  100 

-8  to  96 
100 


Trickling 
Filter 


40  to  77 
25  to  75 

-533  to  58 
34  to  94 
0  to  100 

-150  to  38 
46  to  100 

-100  to  100 

-33  to  75 


Primary 
8 

-30  to  50 


-33  to  36 


-31  to  37 


-60  to  13 


-33  to  75 


-40  to  70 


Extended 
Aeration 

17 


-38  to  99 


-50  to  100   -100  to  100 


-57  to  100 


19  to  95 


-500  to  43   -600  to  100 


0  to  96 


-200  to  67   -60  to  100 


-100  to  100 


-67  to  92 


-100  to  100   0  to  100 


*  Small  sample  size 
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Table  5 
Percent  Removal  Median,  Massachusetts  WWTF's 


Conventional 

Activated 

Trickling 

Extended 

Metals 

Tertiary 

Sludge 

Filter 

Primary 

Aeration 

Sample  Size 

16 

15 

5 

8 

17 

(approximate) 

Aluminum 

82 

84 

55 

42 

70 

Chromium 

93 

99 

33 

17 

77 

Copper 

88 

82 

32 

7 

82 

Iron 

87 

74 

60 

21 

72 

Mercury 

100 

94 

41 

20 

37 

Manganese 

89 

29 

•  17 

0 

28 

Nickel 

59 

55 

73 

0 

50 

Lead 

25 

67 

14 

29 

40 

Zinc 

77 

60 

33 

30 

39 

Silver* 

100 

100 

_ _ 

25 

94 

*  Small  sample  size 
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Table  6 
Effluent  Metals  Concentrations  For  27  WWTF's  in  Massachusetts* 


Metal 

Range 

Aluminum 

0-1600 

Cadmium 

0-110 

Chromium 

0-320 

Copper 

0-490 

Iron 

0-5400 

Mercury 

0-1.70 

Manganese 

0-850 

Nickel 

0-270 

• 

Lead 

0-320 

Zinc 

10-330 

Silver 

0-100 

Effluent  Concentration,  ug/1 

Mean  Median 

320  200 

7  0 

21  10 

116  65 

603  290 

.23  .10 

115  95 

31  0 

46  40 

111  90 

6  0 


*  Approximately  68  composite  samples 
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Table  7 
Unit  Process  Efficiency 

Median  Percent  Removal  Efficiency* 


Primary 

Unit  " 

39.0 
(19) 

Secondary 
Unit 

Tertiary 
Unit 

Aluminum 
(sample  size) 

60.6 
(15) 

0 
(16) 

Chromium 
(sample  size) 

50.0 
(15) 

75.0 
(13) 

5.0 
(11) 

Copper 
(sample  size) 

51.0 
(21) 

60.0 
(18) 

20.2 
(18) 

Iron 

(sample  size) 

41.2 
(16) 

74.1 
(13) 

20.0 
(13) 

Mercury 
(sample  size) 

46.7 
(13) 

58.3 
(8) 

50.0 
(7) 

Manganese 
(sample  size) 

24.7 
(14) 

86.2 
(11) 

41.7 
(10) 

Nickel 
(sample  size) 

0.0 
(15) 

50.0 
(12) 

46.4 
(12) 

Lead 

(sample  size) 

26.8 
(20) 

17.1 
(16) 

29.0 
(16) 

Zinc 

(sample  size) 

40.0 
(19) 

53.5 
(15) 

12.5 
(15) 

Silver 
(sample  size) 

50.0 
(9) 

66.7 
(5) 

50.0 
(4) 

*  Calculated  as 

(input  -  output)  x  100 

input 
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VII.  Discussion 

A.  Mass  Balance 

A  mass  balance  of  metals  entering  and  exiting  the  treatment  process  would 
enhance  our  confidence  in  the  data.  A  simple  mass  balance  of  water 
streams  and  solids  should  be  satisfactory  since  a  metal  in  theory  is  a 
conservative  substance,  i.e.,  it  will  not  degrade  or  evaporate,  but  it 
should  settle  in  a  sludge  or  remain  in  the  water  stream.  Unfortunately, 
very  few  metals  data  for  sludge  had  been  gathered  along  with  the  data  in 
the  water  streams  in  this  study.  However,  metals  mass  balances  have  been 
calculated  by  EPA  for  many  plants.  Although  they  encountered  difficulty  in 
assessing  sludge  flow  rates  and  had  analytical  inaccuracies  in  sludge 
analyses,  they  were  able  to  develop  good,  simple  mass  balances  for  several 
plants. ^  Thus,  in  the  present  study  it  is  reasonable  to  assume  that  in  an 
overall  mass  balance  the  difference  in  pounds  of  metals  entering  and 
exiting  the  plant  will  appear  in  the  sludge.  Conversely,  if  more  metals 
are  leaving  the  plant  than  entering  it,  an  enigma  reflected  by  negative 
percent  removals,  it  can  also  be  assumed  that  sludge  or  solids  in  contact 
with  the  water  streams  are  releasing  accumulated  metals,  or  sludge  higher 
in  metals  is  being  carried  over. 

This  phenomenon  of  solid/liquid  metal  association  has  been  studied  in 
activated  sludge  systems.  It  is  postulated  that  mixed  liquor  suspended 
solids  (MLSS)  act  to  buffer  the  concentration  of  metals  in  secondary 
effluents.  At  high  influent  metals  concentrations  the  MLSS  take  up  a  large 
fraction  of  metals,  but -at  low  influent  concentrations  -these  metals  can  be 
released  back  into  solution. ^ 

B.  Error  Analysis 

In  calculating  the  percent  removal  for  the  WWTP's,  the  following  formula 
was  used: 

(percent)  P  =  influent  -  effluent  x  (100) 
removal  influent 

or 

P  =  I  -  E  x  100        (1) 


There  are  laboratory  measurement  errors  associated  with  both  the  influent 
and  effluent  levels  as  seen  in  Table  2.  The  variance  of  expression  (1) 
can  be  expressed  in  terms  of  the  independent  variables  I  and  E. 
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«Jp)2  =  (JP)2   (crI}2  +  (jp}2  (0e)2 
JI  JE 


Evaluate  the  expression  at  the  mean  values  of  I  and  E. 


JP  =     E     (ioo) 
JI  I2 

JP  =     -  I-1     =     -  1     (100) 
JE  I 


thus 

C0p)2=[(E)    2     (GfD2     +     (-l)2       flfg  2    j    (100)2 
I2  I 

»p    =  [M    ^i2  +  ±2  ^  i '*  (100)         (2> 

This  standard  deviation,  dp,  is  used  to  calculate  the  percent  relative 
error  for  percent  removal  values  in  Table  3  using  the  equation: 

Percent  Relative  =  0r>  x  100  (3) 

Error         p 

By  examining  equation  (2),  it  is  clear  that  the  large  relative  errors  for 
nickel,  lead,  and  silver  are  basically  due  to  average  influent  concentra- 
tions being  low. 

C.   Unit  Process  Efficiency 

Table  7  reveals  that,  in  general,  the  secondary,  biological  treatment 
process  provides  the  most  effective  removal  mechanism  for  metals.  This  is 
followed  by  primary,  and  then  tertiary  treatment.  The  data  were  examined 
statistically  using  a  two-sample  t-test  comparing  secondary  to  primary 
removal  where  population  variances  are  not  assumed  equal.  Only  for 
aluminum,  iron,  manganese,  and  nickel  is  there  approximately  95%  confidence 
that  secondary  treatment  provides  more  effective  removal  as  seen  in  Table 
8.  The  "p"  value  in  this  table  can  be  interpreted,  for  example,  in  the 
case  of  aluminum,  as  an  8.6  percent  chance  that  primary  and  secondary  unit 
processes  achieve  the  same  removal  levels. 

Whereas  settling  processes  are  dominant  in  primary  treatment,  the  mechanism 
of  metals  uptake  in  activated  sludge  is  not  so  well  understood.  Research 
findings  include  the  fact  that  metal  uptake  by  biomass  is  characterized  by 
two  phases,  a  very  rapid  phase  lasting  on  the  order  of  one  hour,  and  a 
long-term  slow  uptake  phase.  The  metals  are  taken  up  by  the  biofloc 
through  the  formation  of  metal  organic  complexes. ^  Present  research  sup- 
ports a  surface  binding  absorption  mechanism  involving  anionic  ligands 
present  in  all  membrane  proteins  and  lipids  rather  than  active  biological 
transport  processes.0 
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D.   Comparison  Between  Plant  Types 


Percent  removal  of  metals  between  influent  and  final  effluents  were 
compared  for  tertiary,  conventional  activated  sludge,  extended  aeration, 
trickling  filter,  and  primary  plants,  as  listed  in  Table  5.  This  was  done 
using  both  a  one-way  analysis  of  variance  procedure  and  a  non-parametric 
test,  the  Kruskal-Wallis,  comparing  the  plants'  removal  for  each  metal. 
The  95%  confidence  intervals  and  F-values  were  obtained  using  an  analysis 
of  variance  procedure  comparing  all  secondary  plants.  These  types  of 
analyses  indicated  that  primary  plants  performed  most  poorly,  in  general, 
especially  for  aluminum,  chromium,  manganese,  zinc,  and  probably  copper, 
iron,  and  mercury.  It  is  interesting  to  note  that  of  the  exceptions, 
nickel  and  lead,  removal  of  each  is  difficult  to  determine  due  to  large 
calculational  errors. 

The  trickling  filter  plants  exhibited  much  variability.  Drawing  sound 
conclusions  about  them  is  difficult  with  these  data. 

The  remaining  plants,  tertiary,  conventional  activated  sludge,  and  extended 
aeration  seemed  to  perform  similarly  for  most  metals,  as  shown  in  the 
analysis  of  variance,  Appendix  E.  However,  the  tertiary  plants  removed 
manganese,  zinc,  and  prooably  aluminum,  iron,  copper  and  mercury  better 
than  extended  aeration  plants.  This  was  demonstrated  using  a  statistical 
t-test  to  compare  tertiary  with  extended  aeration  plants,  Table  9.  The  p 
value  in  this  table  can  be  interpreted,  for  example  in  the  case  of  alumi- 
num, as  a  10  percent  chance  that  the  tertiary  and  extended  aeration  plants' 
mean  percent  removals  are  equal.  A  non-parametric  Kruskal-Wallis  test  was 
also  run.  Results  were  similar  except  for  copper  where  tertiary  plants 
appeared  not  to  have  better  removals  than  extended  aeration  plants. 

The  information  ascertained  by  statistical  analyses  here  and  elsewhere  must 
be  tempered  by  a  good  knowledge  of  the  source  and  reliability  of  the  raw 
data.  For  example,  it  is  already  known  that  the  two  primary  plants  used  in 
this  study,  Deer  and  Nut  Islands  in  Boston,  are  not  performing  optimally. 
So,  although  these  MDC  (Metropolitan  Boston)  plants  may  give  an  indication 
of  a  primary  plant's  metal  removal  capability,  they  may  not  be  good 
examples  of  primary  plants  in  general.  The  same  situation  exists  with  some 
of  the  trickling  filter  plants,  notably  Shrewsbury  and  Clinton.  Finally, 
it  should  be  remembered  that  there  are  high  relative  errors  associated  with 
the  percent  removal  values  of  the  metals  nickel,  lead,  and  silver,  as  seen 
in  Table  3.  Thus,  one  should  bear  in  mind  that  in  analyzing  this  material, 
differences  in  the  quality  of  the  data  exist  between  plant  types  and  among 
metals. 

E.   Metals  Concentrations  and  Removals  As  Related  To  Other  Variables: 
Correlations 

Statistical  correlation  and  regression  can  be  used  to  find  how  much 
association  there  is  between  variables,  and  to  find  an  equation  to  predict 
one  variable  from  another.  The  higher  the  correlation  coefficient 
squared  (the  coefficient  of  determination)  the  more  useful  one  variable 
will  be  as  a  predictor  of  another,  based  on  a  straight  line  equation. 


25 


The  correlation  between  plant  influent  and  effluent  was  tested  and  the 
results  are  presented  in  Table  10.  The  only  good  correlation  was  for 
nickel,  a  difficult  metal  to  remove  (see  Table  3,  percent  removal  summary), 
Table  10  also  presents  the  slope  of  the  line  computed  by  a  least  squares 
fit  as  well  as  its  y-intercept.  The  fact  that  these  slopes  are  very  low 
indicates  that  the  majority  of  an  incremental  increase  in  influent  concen- 
tration is  removed  by  a  WWTF  and  does  not  pass  through  the  plant  to  the 
effluent,  at  least  to  the  small  extent  that  these  data  can  be  fit  to  the 
equation. 

EPA's  study  of  40  WWTF's  reported  results  similar  to  those  of  this  study, 
but  their  correlation  coefficients  were  generally  higher. 

The  correlation  between  suspended  solids  percent  removal  and  metal  percent 
removal  was  also  evaluated,  as  shown  in  Table  11.  The  correlations  here 
were  somewhat  better  for  some  metals,  indicating  that  suspended  solids 
removal  is  one  predictor  of  metal  removals,  especially  aluminum,  chromium, 
and  zinc,  but  certainly  not  the  only  factor. 
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Table  8 
p:  Attained  Statistical  Significance  Level 
for  Primary  vs.  Secondary  Unit  Processes 

£* 
Aluminum  0.086 

Chromium  0 .  59 

Copper  0.53 

Iron  0.0077 

Mercury  0 . 45 

Manganese  0.0082 

Nickel  0.0089 

Lead  0.54 

Zinc  0.67 

*  Obtained  using  a  two  sample  t-test,  population  variances  not  assumed 
equal. 


Table  9 
p:  Attained  Statistical  Significance  Level 
for  Tertiary  vs.  Extended  Aeration 


Aluminum  0 .  10 

Chromium  0 . 26 

Copper  0.046 

Iron  0.070 

Mercury  0 . 074 

Manganese  0 . 0094 

Nickel  0.99 

Lead  0.91 

Zinc  0.0077 

*  Obtained  using  a  two  sample  t-test ,  population  variances  not  assumed 
equal. 
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Table  10 
Correlation  of  Influent  and  Effluent  Concentrations 


Percent 

Coefficient 

of 

Slope  of  Best 

Metal 

Determination* 
3.2 

Fit  Line 

y-Intercept 

Aluminum 

0.0244 

24.0 

Chromium 

9.1 

0.0486 

1.01 

Copper 

6.9 

0.0235 

10.0 

Iron 

0.6 

0.018 

47.6 

Mercury 

25.5 

0.153 

0.964 

Manganese 

27.3 

0.201 

5.36 

Nickel 

63.0 

0.327 

1.07 

Lead 

0.6 

0.0205 

4.34 

Zinc 

10.4 

0.051 

8.53 

*  Percent  r^ 
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Table  11 
Correlation  of  Percent  Metals  Removal  and  Percent  Suspended  Solids  Removal 


Percent 

Coefficient 

of 

Slope  of  Best 

Metal 

Determination* 
61.6 

Fit  Line 

y-Intercept 

Aluminum 

1.10 

28.6 

Chromium 

34.4 

1.28 

42.8 

Copper 

4.0 

0.951 

32.8 

Iron 

7.2 

0.868 

16.8 

Mercury 

11.6 

2.08 

137 

Manganese 

18.5 

0.951 

46.5 

Nickel 

4.6 

0.682 

23.1 

Lead 

1.1 

0.272 

11.9 

Zinc 

20.3 

0.847 

25.6 

*  Percent  r^ 
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Plant 


Marlborough  East 


Rockland 


Attleboro 


N.  Attleborough 


Taunton 

Winchendon 
Erving 
Millers  Falls 

Lowell 
Haverhill 


Lawrence 

Springfield 
Gardner 


Sampling 

Appendix  A 
Locations  and  Dates 

Plant  Code 

Date  Code 

Date 

01 

1 
2 

10/12-13/83 
4/17-18/84 

02 

3 

4 

7/11-12/83 
6/29-30/83 

03 

5 
6 
7 
8 
9 
10 
11 

10/04-05/82 

10/05-06/82 

10/06-07/82 

3/08-09/82 

6/28-29/82 

6/29-30/82 

6/30-7/01/82 

04 

12 
13 
14 
15 
16 
17 
18 
19 

7/28-29/83 
3/16-17/83 
3/15-16/83 
3/14-15/83 
6/28-29/82 

10/04-05/82 
4/05-06/82 

10/06-07/82 

05 

61 
62 
63 

5/23-24/83 
5/24-25/83 
5/25-26/83 

10 

20 

10/25-26/83 

11 

21 

11/15-16/83 

12 

22 
23 

4/26-27/83 
11/15-16/83 

13 

24 
25 
26 

11/30-12/1/83 
8/30-31/83 
6/07-08/83 

14 

27 
28 
29 

8/30-31/83 

11/30-12/01/83 

6/07-08/33 

15 

30 
31 
32 

3/30-31/83 

11/30-12/01/83 

6/07-08/83 

16 

67 
68 

6/21-22/33 
8/16-17/83 

20 

33 

7/25-26/83 
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Appendix  A  (Continued) 


Plant 

Plant  Code 

Date  Code 

Date 

Greenfield 

21 

34 

7/05-06/83 

Shrewsbury 

22 

35 

10/12-13/83 

Clinton 

23 

36 

7/19-20/82 

Millbury 

24 

37 

10/19-20/83 

Deer  Island 

30 

38 
39 
40 
41 

8/27-28/84 
6/25-26/84 
8/02-03/83 
7/12-13/83 

Nut  Island 

31 

42 
43 
44 
45 

3/27-28/84 

7/17/84 

8/02-03/83 

7/12-13/83 

S.  Royalston 

40 

46 
47 

10/25/83 
10/31-11/01/83 

Athol 

41 

48 
49 

3/02-03/83 
11/01-02/83 

Orange 

42 

50 

11/01-02/83 

Amesbury 

43 

51 
52 
53 
54 

11/30-12/01/83 
8/30-31/83 
6/07-08/83 
4/12-13/83 

Merrimac 

44 

55 
56 
57 
58 

8/30-31/83 

11/30-12/01/83 

6/08-09/83 

4/13-14/83 

Old  Deerf ield 

45 

59 

7/05-06/83 

Buckland/Shelburne 

46 

60 

11/15-16/83 

Westborough 

47 

64 
65 
66 

2/22/84 

2/23-24/84 

10/12-13/83 

32 


SI 
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APPENDIX  C 
EFFLUENT  HISTOGRAMS 


C4  ALUMINUM 


rag/1 

MIDDLE 

OF 

NUMBER  OF 

INTERVAL 

OBSERVATIONS 

0.0 

2 

** 

0.2 

38 

************************************** 

0.4 

11 

*********** 

0.6 

8 

******** 

0.8 

4 

**** 

1.0 

1 

* 

1.2 

1 

* 

1.4 

0 

1.6 

1 

* 

C6  CHROMIUM 


mg/1 

MIDDLE  OF 

NUMBER  OF 

INTERVAL 

OBSERVATIONS 

0.00 

39 

******************** 

0.04 

23 

******************** 

0.08 

3 

*** 

0.12 

0 

0.16 

1 

* 

0.20 

0 

0.24 

0 

0.28 

0 

0.32 

1 

* 

C8 

COPPER 

mg/1 

MIDDLE  OF 

NUMBER  OF 

INTERVAL 

OBSERVATIONS 

0.00 

17 

***************** 

0.05 

20 

******************** 

0.10 

8 

******** 

0.15 

8 

******** 

0.20 

3 

*** 

0.25 

2 

** 

0.30 

3 

*** 

0.35 

3 

*** 

0.40 

1 

* 

0.45 

2 

** 

0.50 

1 

* 
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CIO 

IRON 

mg/1 

MIDDLE  OF 

NUMBER  OF 

INTERVAL 

OBSERVATIONS 

0.0 

27 

*************************** 

0.5 

21 

********************* 

1.0 

6 

****** 

1.5 

6 

****** 

2.0 

1 

* 

2.5 

1 

* 

3.0 

0 

3.5 

0 

4.0 

0 

4.5 

0 

5.0 

0 

5.5 


C12  MERCURY 


mg/1 

MIDDLE  OF 

NUMBER  OF 

INTERVAL 

OBSERVATIONS 

0.0000 

22 

********************** 

0.0002 

21 

********************* 

0.0004 

6 

****** 

0.0006 

4 

**** 

0.0008 

2 

** 

0.0010 

2 

** 

0.0012 

1 

* 

0.0014 

0 

0.0016 

0 

0.0018 

1 

* 

C14  MANGANESE 


MIDDLE 

OF 

NUMBER  OF 

INTERVAL 

OBSERVATIONS 

0.0 

13 

************* 

0.1 

31 

******************************* 

0.2 

10 

********** 

0.3 

2 

** 

0.4 

0 

0.5 

0 

0.6 

1 

* 

0.7 

0 

0.8 

0 

0.9 

1 

* 

36 


C16 

NICKEL 

mg/1 

MIDDLE  OF 

NUMBER  OF 

INTERVAL 

OBSERVATIONS 

0.00 

36 

************************************ 

0.04 

17 

***************** 

0.08 

4 

**** 

0.12 

1 

* 

0.16 

2 

** 

0.20 

1 

* 

0.24 

1 

* 

0.28 

1 

* 

C18 

LEAD 

mg/i 

MIDDLE  OF 

NUMBER  OF 

INTERVAL 

OBSERVATIONS 

0.00 

12 

************ 

0.04 

38 

************************************** 

0.08 

12 

************ 

0.12 

4 

**** 

0.16 

0 

0.20 

0 

0.24 

0 

0.28 

0 

0.32 

1 

* 

C20 

ZINC 

mg/1 

MIDDLE  OF 

NUMBER  OF 

INTERVAL 

OBSERVATIONS 

0.00 

3 

*** 

0.04 

10 

********** 

0.08 

23 

*********************** 

0.12 

11 

*********** 

0.16 

6 

****** 

0.20 

3 

*** 

0.24 

4 

**** 

0.28 

3 

*** 

0.32 

2 

** 

37 


C22 

SILVER 

mg/1 

MIDDLE  OF 

NUMBER  OF 

INTERVAL 

OBSERVATIONS 

0.00 

34 

********************************** 

0.01 

12 

************ 

0.02 

3 

*** 

0.03 

0 

0.04 

0 

0.05 

0 

0.06 

0 

0.07 

0 

0.08 

0 

0.09 

0 

0.10 

1 

* 

38 


APPENDIX  D 
UNIT  PROCESS  DATA  (mg/1) 


Aluminum 

Chromium 

Plant 

Date 

Code 

Code 

Infl. 

Prim. 

oec . 

Effl. 

Infl. 

Prim. 

Ocu  • 

Effl 

3 

5 

0.90 

0.13 

0.10 

0.10 

0.05 

0.01 

0.01 

0.00 

3 

6 

0.85 

0.14 

0.10 

0.10 

0.07 

0.01 

0.00 

0.00 

3 

7 

0.63 

0.10 

0.10 

0.10 

0.06 

0.01 

0.00 

0.01 

3 

8 

0.38 

0.33 

0.13 

0.29 

0.03 

0.04 

0.01 

0.00 

3 

9 

* 

* 

• 

* 

0.28 

0.05 

0.02 

0.02 

3 

10 

* 

* 

0.43 

0.60 

0.05 

0.04 

0.05 

0.05 

3 

11 

1.30 

0.57 

* 

• 

0.05 

0.02 

0.04 

0.02 

4 

12 

0.44 

1.10 

0.31 

0.20 

* 

* 

* 

* 

4 

13 

0.41 

0.25 

0.10 

0.10 

0.00 

0.00 

0.00 

0.00 

4 

14 

0.53 

0.78 

0.10 

0.10 

0.00 

0.00 

0.01 

0.00 

4 

15 

0.58 

0.69 

0.23 

0.10 

0.00 

0.00 

0.00 

0.00 

4 

16 

1.90 

1.00 

0.27 

0.10 

0.05 

0.05 

0.03 

0.00 

4 

17 

0.56 

0.47 

0.10 

0.10 

0.01 

0.01 

0.01 

0.01 

4 

18 

0.67 

0.10 

0.10 

0.10 

0.01 

0.01 

0.00 

0.01 

4 

19 

1.10 

0.17 

0.10 

0.10 

0.01 

0.00 

0.00 

0.00 

11 

21 

13.00 

4.80 

• 

0.41 

0.02 

0.01 

* 

0.00 

12 

22 

2.40 

2.20 

* 

0.87 

0.00 

0.00 

* 

0.00 

5 

61 

1.20 

1.20 

0.50 

0.42 

0.15 

0.15 

0.02 

0.02 

5 

62 

1.10 

1.50 

0.50 

0.50 

0.20 

0.33 

0.04 

0.02 

5 

63 

1.60 

1.40 

0.35 

0.46 

0.61 

0.18 

0.02 

0.00 

2 

69 

0.50 

0.25 

* 

0.10 

* 

0.00 

* 

0.00 

Copper 

Iron 

Plant 

Date 

Code 

Code 

Infl. 

Prim. 

oSC  . 

Effl. 

Infl. 

Prim. 

oec . 

Effl 

3 

5 

1.50 

0.90 

0.35 

0.29 

2.80 

0.83 

0.28 

0.18 

3 

6 

3.10 

0.85 

0.44 

0.36 

3.10 

0.70 

0.25 

0.20 

3 

7 

2.20 

0.55 

0.44 

0.35 

0.21 

0.52 

0.30 

0.20 

3 

8 

9.80 

0.74 

0.30 

0.30 

1.40 

1.00 

0.20 

0.20 

3 

9 

3.70 

0.64 

0.17 

0.14 

* 

• 

* 

* 

3 

10 

0.93 

0.52 

2.50 

0.33 

* 

* 

0.42 

0.41 

3 

11 

1.00 

0.67 

1.00 

0.49 

2.30 

1.20 

• 

* 

4 

12 

1.10 

0.40 

0.05 

0.02 

0.70 

1.60 

0.41 

0.14 

4 

13 

0.18 

0.17 

0.06 

0.13 

2.50 

2.80 

0.43 

0.41 

4 

14 

0.30 

0.13 

0.04 

0.03 

2.30 

1.10 

0.58 

0.73 

4 

15 

0.20 

0.19 

0.08 

0.05 

1.60 

1.40 

0.44 

0.23 

4 

16 

1.00 

0.62 

0.27 

0.03 

4.50 

2.10 

0.46 

0.00 

4 

17 

0.55 

0.40 

0.09 

0.05 

1.40 

1.40 

0.21 

0.18 

4 

18 

0.49 

0.24 

0.10 

0.08 

1.60 

1.00 

0.35 

0.21 

4 

19 

0.65 

0.21 

0.12 

0.18 

3.30 

0.31 

0.21 

0.21 

11 

21 

0.11 

0.04 

* 

0.47 

1.50 

0.50 

• 

0.50 

12 

22 

0.16 

0.18 

* 

0.08 

1.10 

0.97 

• 

5.40 

5 

61 

0.25 

0.13 

0.03 

0.03 

* 

• 

* 

* 

5 

62 

0.38 

0.16 

0.03 

0.03 

* 

2.00 

0.34 

* 

5 

63 

1.30 

0.25 

0.05 

0.02 

2.30 

* 

* 

0.29 

2 

69 

0.19 

0.12 

* 

0.04 

2.00 

1.10 

* 

0.08 
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APPENDIX  D  (CONTINUED) 


Mercury 

Manganese 

Plant 

Date 

Code 

Code 

Infl. 

Prim. 

DOC  • 

Effl. 

Infl. 

Prim. 

o€C  • 

Effl 

3 

5 

0.0022 

0.0004 

0.0002 

0.0000 

0.24 

0.10 

0.05 

0.05 

3 

6 

* 

* 

* 

* 

0.30 

0.09 

0.06 

0.06 

3 

7 

* 

* 

* 

* 

* 

* 

* 

* 

3 

8 

* 

* 

* 

* 

0.30 

0.25 

0.24 

0.23 

3 

9 

0.0007 

0.0005 

0.0008 

0.0002 

* 

* 

* 

* 

3 

10 

0.0060 

0.0032 

0.0017 

0.0017 

* 

* 

0.21 

* 

3 

11 

0.0000 

0.0000 

0.0000 

0.0000 

0.35 

0.28 

* 

* 

4 

12 

* 

* 

* 

* 

* 

* 

* 

* 

4 

13 

0.0000 

0.0000 

0.0000 

0.0001 

0.40 

0.49 

0.03 

0.00 

4 

14 

0.0002 

0.0000 

0.0000 

0.0001 

0.65 

0.29 

0.04 

0.00 

4 

15 

0.0003 

0.0000 

0.0000 

0.0000 

0.40 

0.39 

0.24 

0.06 

4 

16 

0.0018 

0.0016 

0.0004 

0.0002 

1.10 

0.32 

0.03 

0.02 

4 

17 

0.0004 

0.0004 

0.0000 

0.0000 

0.42 

0.50 

0.04 

0.02 

4 

18 

* 

* 

* 

* 

0.55 

0.50 

0.02 

0.01 

4 

19 

* 

* 

* 

* 

1.20 

0.33 

0.01 

0.01 

11 

21 

0.0002 

0.0000 

* 

0.0000 

0.08 

0.05 

* 

0.01 

12 

22 

0.0002 

0.0000 

• 

0.0000 

0.17 

0.12 

* 

0.11 

5 

61 

0.0004 

0.0010 

0.0001 

0.0001 

* 

* 

* 

* 

5 

62 

0.0003 

0.0003 

0.0001 

0.0001 

* 

0.19 

0.08 

• 

5 

63 

0.0001 

0.0002 

0.0001 

0.0000 

0.20 

* 

* 

0.05 

2 

69 

0.0015 

0.0003 

* 

0.0002 

0.21 

0.19 

* 

0.11 

Nickel 


Lead 


Plant 

Date 

Code 

Code 

Infl. 

Prim. 

oSC  • 

Effl. 

Infl. 

Prim. 

o€0  • 

Effl 

3 

5 

0.45 

0.29 

0.15 

0.14 

0.38 

0.06 

0.07 

0.00 

3 

6 

* 

* 

* 

* 

0.13 

0.07 

0.08 

0.13 

3 

7 

• 

* 

* 

* 

0.04 

0.08 

0.10 

0.05 

3 

8 

0.86 

* 

0.32 

0.27 

0.06 

0.03 

0.02 

0.00 

3 

9 

* 

0.77 

• 

* 

0.15 

0.04 

0.00 

0.02 

3 

10 

* 

* 

* 

* 

0.03 

0.06 

0.02 

0.03 

3 

11 

0.33 

0.36 

* 

* 

0.07 

0.00 

0.01 

0.02 

4 

12 

0.07 

0.06 

0.03 

0.00 

* 

* 

* 

* 

4 

13 

0.05 

0.06 

0.07 

0.04 

0.10 

0.09 

0.10 

0.09 

4 

14 

0.06 

0.06 

0.05 

0.07 

0.10 

0.11 

0.10 

0.10 

4 

15 

0.04 

0.08 

0.05 

0.02 

0.10 

0.10 

0.08 

0.32 

4 

16 

0.10 

0.04 

0.02 

0.00 

0.06 

0.05 

0.03 

0.05 

4 

17 

0.06 

0.07 

0.03 

0.04 

0.08 

0.06 

0.08 

0.06 

4 

18 

0.11 

0.05 

0.02 

0.06 

0.14 

0.07 

0.06 

0.03 

4 

19 

0.09 

0.04 

0.02 

0.01 

0.07 

0.03 

0.10 

0.03 

11 

21 

0.00 

0.03 

* 

0.00 

0.10 

0.10 

* 

0.08 

12 

22 

0.03 

0.03 

* 

0.03 

0.07 

0.05 

* 

0.02 

5 

61 

0.03 

0.04 

0.02 

0.00 

0.11 

0.10 

0.03 

0.00 

5 

62 

0.02 

0.03 

0.02 

0.00 

0.11 

0.10 

0.03 

0.02 

5 

63 

0.01 

0.01 

0.00 

0.03 

0.29 

0.09 

0.03 

0.02 

2 

69 

0.06 

0.02 

* 

0.05 

0.07 

0.03 

* 

0.04 
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APPENDIC  D  (CONTINUED) 


Zinc 


Silver 


Plant 

Date 

Cede 

Code 

Infl. 

Prim. 

Sec. 

Effl. 

Infl. 

Prim. 

j6C  . 

Effl 

3 

5 

0.50 

0.20 

0.08 

0.07 

0.01 

0.02 

0.00 

0.00 

3 

6 

0.68 

0.22 

0.08 

0.06 

* 

* 

* 

* 

3 

7 

0.51 

0.10 

0.08 

0.06 

* 

* 

* 

* 

3 

8 

0.24 

0.16 

0.06 

0.11 

0.02 

0.02 

0.01 

0.01 

3 

9 

* 

* 

* 

* 

* 

* 

* 

* 

3 

10 

* 

* 

0.15 

* 

* 

* 

0.23 

0.00 

3 

11 

0.58 

0.33 

* 

* 

0.04 

0.02 

* 

* 

4 

12 

0.17 

0.08 

0.01 

0.04 

• 

* 

* 

* 

4 

13 

0.14 

0.15 

0.07 

0.17 

0.01 

0.00 

0.00 

0.00 

4 

14 

0.21 

0.14 

0.10 

0.07 

0.02 

0.00 

0.00 

0.00 

4 

15 

0.12 

0.13 

0.13 

0.09 

0.00 

0.00 

0.00 

0.00 

4 

16 

0.37 

0.26 

0.07 

0.07 

0.02 

0.01 

0.00 

0.00 

4 

17 

0.20 

0.13 

0.10 

0.05 

0.01 

0.00 

0.00 

0.00 

4 

18 

0.18 

0.11 

0.06 

0.06 

* 

* 

* 

* 

4 

19 

0.25 

0.09 

0.08 

0.08 

* 

* 

• 

• 

11 

21 

1.50 

0.32 

* 

0.33 

* 

* 

* 

* 

12 

22 

0.20 

0.18 

* 

0.09 

0.00 

0.00 

* 

0.00 

5 

61 

0.16 

0.10 

0.04 

0.02 

0.05 

0.03 

* 

0.01 

5 

62 

0.20 

0.12 

0.07 

0.05 

0.03 

0.03 

0.01 

0.00 

5 

63 

0.64 

0.15 

0.05 

0.10 

0.00 

0.03 

0.01 

0.01 

2 

69 

0.26 

0.14 

* 

0.04 

* 

* 

* 

0.00 
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APPENDIX  E 
PLANT  TYPE  COMPARISON  USING  ANALYSIS  OF  VARIANCE 


ANALYSIS  OF  VARIANCE  -  ALUMINUM 


SOURCE 

DF 

SS 

FACTOR 

3 

5921 

ERROR 

52 

39870 

TOTAL 

55 

45791 

LEVEL 

N 

MEAN 

C90-Tert. 

19 

73.14 

ClOO-Act. 

15 

79.28 

Sludge 

CllO-Trick. 

5 

57.22 

Fit. 

C130-ext.aer. 

17 

54.87 

POOLED  STDEV  =  27.69 


MS       F 
1974     2.57 
767 

INDIVIDUAL  95  PCT  CI'S*  FOR  MEAN  PERCENT 
REMOVAL  BASED  ON  POOLED  STDEV 

STDEV H i 1 1 — 

20.83  ( ■ * ) 

20.89  ( * ) 

14 .  13   ( * ■ ) 

39.65       ( * ) 

1 1 1 1 — 

40       60       80      100 


ANALYSIS  OF  VARIANCE  -  CHROMIUM 


SOURCE 
FACTOR 
ERROR 
TOTAL 


DF 

3 

41 

44 


LEVEL  N 

C91-Tert.  15 

ClOl-Act.  12 

Sludge 

Clll-Trick.  4 

Fit. 
C131-ext.aer.  14 

POOLED  STDEV  =  49.52 


SS 
13325 
100560 
113885 


MEAN 
74.19 
87.64 

41.67 

48.35 


MS 
4442 
2453 


F 
1.81 


INDIVIDUAL  95  PCT  CI'S*  FOR  MEAN  PERCENT 
REMOVAL  BASED  ON  POOLED  STDEV 


STDEV 
39.83 
21.66 

22.57 

74.24 


+ 


( 


) 


0 


40 


80 


120 


ANALYSIS  OF  VARIANCE  -  COPPER 


SOURCE 

DF 

SS 

FACTOR 

3 

102412 

ERROR 

56 

468033 

TOTAL 

59 

570446 

LEVEL 

N 

MEAN 

C92-Tert. 

22 

84.10 

C102-Act. 

15 

54.01 

Sludge 

C112-Trick. 

5 

-74.17 

Fit. 

C132-ext.aer. 

18 

59.79 

POOLED  STDEV  =  91.42 


MS       F 
34137     4.08 
8358 

INDIVIDUAL  95  PCT  CI'S*  FOR  MEAN  PERCENT 
REMOVAL  BASED  ON  POOLED  STDEV 

STDEV 1 H 1 

17.56  ( * ) 

107.49  ( * ) 

256 . 92   ( * ) 

45.88  ( * ) 

-80        0       80 
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APPENDIX  E  (CONTINUED) 


ANALYSIS  OF  VARIANCE  -  IRON 

SOURCE        DF  SS 

FACTOR         3  12580 

ERROR         50  224124 

TOTAL         53  236704 


LEVEL  N  MEAN 

C93-Tert.  16  82.71 

C103-Act.  15  42.96 

Sludge 

C113-Trick.  5  60.89 

Fit. 

C133-ext.aer.  18  68.26 

POOLED  STDEV  =  66.95 


MS 
4193 
4482 


F 
0.94 


INDIVIDUAL  95  PCT  CI'S*  FOR  MEAN  PERCENT 
REMOVAL  BASED  ON  POOLED  STDEV 

STDEV 1 1 

22.20  ( * ) 

121.34    ( * ) 


22.16  (■ 


22.56 


*_. 


40 


80 


120 


ANALYSIS  OF  VARIANCE  -  MERCURY 


SOURCE 
FACTOR 
ERROR 
TOTAL 


DF 

3 

42 

45 


LEVEL  N 

C94-Tert.  13 

C104-Act.  14 

Sludge 

C114-Trick.  4 

Fit. 

C134-ext.aer.  15 


SS 
62633 
438824 
501456 


MEAN 
86.4347 
75.2028 


MS 
20878 
10448 


2.00 


INDIVIDUAL  95  PCT  CI'S*  FOR  MEAN  PERCENT 
REMOVAL  BASED  ON  POOLED  STDEV 

17 .2879  ( * ) 

35 .2439  ( * ) 


45.3125 

0.6746  171.2769   ( 

POOLED  STDEV  =  1E+02 


52 .8793   ( 

0       60 


120 


ANALYSIS  OF  VARIANCE  -  MANGANESE 


SOURCE 
FACTOR 
ERROR 
TOTAL 


DF 

3 

48 

51 


LEVEL  N 

C95-Tert.  14 

C105-Act.  15 

Sludge 

C115-Trick.  5 

Fit. 

C135-ext.aer.  18 

POOLED  STDEV  =  39.10 


SS 
30887 
73376 
104263 


MEAN 
74.65 
29.52 

-10.17 

40.89 


MS 
10296 
1529 


F 
6.74 


INDIVIDUAL  95  PCT  CI'S*  FOR  MEAN  PERCENT 
REMOVAL  BASED  ON  POOLED  STDEV 

35.65  ( * ) 

32.99  ( * ) 


79.12   (• 


) 


31.22 


* 


-40        0 


40 


80 
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APPENDIX  E  (CONTINUED) 


ANALYSIS  OF  VARIANCE  -  NICKEL 


SOURCE 

DF 

SS 

FACTOR 

3 

2163 

ERROR 

27 

122190 

TOTAL 

30 

124354 

LEVEL 

N 

MEAN 

C96-Tert. 

14 

41.68 

Cl06-Act. 

8 

52.44 

Sludge 

C116-Trick. 

2 

72.73 

Fit. 

C136-ext.aer. 

7 

41.43 

POOLED  STDEV  =  67.27 


MS 
721 
4526 


F 
0.16 


INDIVIDUAL  95  PCT  CI'S*  FOR  MEAN  PERCENT 
REMOVAL  BASED  ON  POOLED  STDEV 

STDEV 1 i 1 h- 

78.45        ( * ) 

45 .  33       ( ■* ) 

38.57   ( ■ * '■ ) 


66.22 


(• 


) 


60 


120 


180 


ANALYSIS  OF  VARIANCE  -  LEAD 
SOURCE        DF       SS 
FACTOR         3     13073 
ERROR         54    184907 
TOTAL         57    197980 


LEVEL 

N 

MEAN 

C97-Tert. 

21 

33.91 

C107-Act. 

14 

63.43 

Sludge 

C117-Trick. 

5 

10.48 

Fit. 

C137-ext.aer. 

18 

36.25 

MS 
4358 
3424 


F 
1.27 


POOLED  STDEV  =  58.52 


INDIVIDUAL  95  PCT  CI'S*  FOR  MEAN  PERCENT 
REMOVAL  BASED  ON  POOLED  STDEV 

STDEV  -H 1 1 1 

72.10  ( * ) 

24.28  ( * ) 

52.80  ( * ) 

-H h 1 1 

-40        0       40       80 


ANALYSIS  OF  VARIANCE  -  ZINC 

SOURCE        DF  SS 

FACTOR         3  15224 

ERROR         53  70396 

TOTAL         56  85621 


LEVEL 

N 

MEAN 

C98-Tert. 

19 

67.92 

C108-Act. 

15 

55.84 

Sludge 

C118-Trick. 

5 

28.86 

Fit. 

C138-ext.aer. 

18 

31.18 

MS 
5075 
1328 


F 
3.82 


INDIVIDUAL  95  PCT  CI'S*  FOR  MEAN  PERCENT 
REMOVAL  BASED  ON  POOLED  STDEV 

28.28  ( * ) 

29 .  61  ( * ) 

41 .  02   ( * ) 

46.65         ( * — ) 


POOLED  STDEV  =  36.44 


0 


24 


48 


72 
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APPENDIX  E  (CONTINUED) 


ANALYSIS  OF  VARIANCE 

-  SILVER 

SOURCE 

DF 

SS 

MS 

F 

FACTOR 

3 

41091 

13697 

89.82 

ERROR 

15 

2287 

152 

TOTAL 

18 

43379 

INDIVIDUAL  95 

LEVEL 
C99-Tert. 

N 
8 

MEAN 
91 

REMOVAL  BASED 

TT\m7   — — .       ' 

18 

C109-Act. 

2 

100 

0 

Sludge 

C119-Trick. 

1 

0 

0  (- 

* — 

Fit. 

C139-ext.aer. 

8 
12 

0 

0 

(-*-) 

POOLED  STDEV  = 

0 

PCT  CI'S*  FOR  MEAN  PERCENT 
ON  POOLED  STDEV 

( * ) 


40 


80 


*  NOTE  *  ALL  VALUES  IN  COLUMN  ARE  IDENTICAL 

*  ERROR  *  NOT  ENOUGH  DATA  IN  COLUMN 

*  "CI's"  are  "confidence  levels" 


45 


